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Chapter 1:  General introduction and background 
In chapter 1, the general introduction and background of this study was described. The importance of thermal 
characteristics of biological tissues, especially living one, was also introduced. The criteria for its measuring techniques and 
application to a medical diagnosis were discussed. Consequently, the remaining challenges and objectives of this dissertation: 
the development of measuring methods for the thermophysical properties of biological tissue, the clinical experiment with 
human skin, the investigation of blood perfusion effects in human skin and the development of medical diagnosis technique 
from the viewpoint of thermal characteristics were explained. 
 
Chapter 2:  Fundamentals of thermal characteristics of biological tissues 
In chapter 2, the fundamentals of thermal characteristics of biological tissues were explained. Heat transfer in the biological 
tissues and the bioheat transfer equations were described. Furthermore, particularly-important factors which are the heat loss to 
the lead wires and the initial temperature distribution in a body for non-invasive method were introduced, and discussed in 
detail. The consideration in a medical diagnosis was investigated using an analytical solution of Pennes’ bioheat transfer 
equation. 
 
Chapter 3:  Development of inverse method utilizing thermophysical handy tester 
In chapter 3, an inverse method utilizing the thermophysical handy tester with newly developed heat conduction model, 
which can separately estimate the variable vectors such as the thermal conductivity, thermal diffusivity and blood perfusion 
rate (not apparent value), has been established. The optimization of variable vectors is based on a real-coded genetic algorithm 
using the unimodal normal distribution crossover. Furthermore, it can include the effect of initial temperature distribution in a 
body to the calculation. To validate the method, the measurement of thermal conductivity of the standard materials was 
conducted, and the results showed a good agreement with the reference values. Additionally, in-vitro measurement of thermal 
diffusivity of biomaterials such as meats, fruits and vegetables were conducted. The measureable range of an inverse method 
was investigated. It indicated that the measurable range was 0.14 - 1.3 W/(m･K), meaning that our method is effective for the 
measurement of the biological tissues, because the range of thermal conductivity of that is generally lower than 0.60 W/(m･K), 
which is that of water. 
 
Chapter 4:  Development of accurate temperature probe utilizing guard heater 
In chapter 4, the accurate temperature probe for accurately and precisely measuring the skin surface temperature and 
apparent thermal conductivity has been developed. To overcome the problem in the heat loss through the lead wires when the 
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measurement for a material with higher temperature 
than the room temperature, a guard heater method was 
applied to minimize it. The performance evaluation of 
the accurate temperature probe was done by the 
measurement of surface temperature and thermal 
conductivity of a heated material at 35.00oC using the 
newly developed a Peltier system to verify whether the 
heat loss can be successfully minimized. Figure 1 
shows the measured result of time variation of 
temperature in cases with and without guard heating. 
For the case with guard heating, the precise 
measurement of surface temperature on a heated 
aluminum can be successfully achieved. The precision 
of temperature measurement was approximately ± 5 
mK which makes measurement much more precisely 
than a thermocouple and thermography. On the other hand, for the case without a guard heating, there was a temperature 
difference from the object temperature of 35.00oC, which was approximately 0.21oC due to the heat loss through the lead wires 
and a tube. Consequently, the thermistor probe utilizing a guard heater could accurately measure the surface temperature of 
even a heated material despite the contact-based method. The numerical study for the performance evaluation was also done 
with the calibrated numerical model. It indicated that the accurate temperature probe could accurately and precisely measure 
the skin surface temperature and apparent thermal conductivity as well as the experimental approach. The meat materials were 
measured by the accurate temperature probe, the reasonable values with high accuracy came out. 
 
Chapter 5:  Investigation of blood perfusion effects in human skin 
In chapter 5, the effect of blood perfusion in human skin on the measurement by both the accurate temperature probe and 
an inverse method were investigated. To clarify the effect of blood perfusion in human skin, the sensitivity analysis for the 
methods was performed at first. It indicated that the effect of blood perfusion rate by itself and the initial temperature 
distribution did not significantly affect on both of them at normal condition. 
By using an inverse method, the clinical experiments with actual human skin were conducted to estimate the thermal 
diffusivity. Additionally, an experiment with a corpse who had no physiological effect was also conducted to compare to the 
clinical experiment with living skin. The results indicated that the estimated values of thermal diffusivity of both living and 
dead skin in forearm showed a good agreement each other despite the existence of blood flow or not.  
By using the accurate temperature probe, the 
measurements of apparent thermal conductivity of 
human skin on the back of hand and finger were 
conducted. As for the case on back of hand, the results 
showed good repeatability of measurement, and 0.441 
± 0.0024 W/(m･K) which is reasonable. Meanwhile, as 
for the case on finger, the results could not showed 
good repeatability due to the fluctuation of baseline 
temperature caused by the increased blood flow, 
showing a possibility that the accuracy and precision of 
accurate temperature probe for the living tissue 
measurement strongly depend on the location on a 
body. Moreover, the accurate temperature probe was 
applied to the indirect detection of increased blood flow 
during a thermal therapy using the abdominal heater. It 





































Fig. 2 Relationship between apparent thermal 
conductivity and heating temperature. 
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Fig. 1 Time variation of temperature in cases with and 
without guard heating. 
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was found in the calculation results that the increase of blood perfusion during a thermal therapy greatly affected on the initial 
temperature distribution in a body, and then the apparent thermal conductivity was indirectly varied, showing the positive 
correlation with blood perfusion. Additionally, a clinical experiment with an actual human abdominal area was also conducted 
to demonstrate a detection of increased blood flow by the measurement of apparent thermal conductivity at heating 
temperature of 34, 37, 40 and 43oC. Figure 2 shows the relationship between the apparent thermal conductivity and the heating 
temperature of thermal therapy. The experimental results showed that the mean values of apparent thermal conductivity 
increased with the heating temperature of thermal therapy, because of the change in the initial temperature distribution with the 
heating temperature as expected by a numerical approach. Meanwhile, the standard deviation of apparent thermal conductivity 
measurement also increased with the heating temperature. In this case; however, the increase of blood perfusion at higher 
heating temperature during thermal therapy caused getting greater of standard deviation.  
 
Chapter 6:  Application to medical diagnosis 
In chapter 6, the feasibility of the early detection of the 
malignant melanoma by the accurate temperature probe was 
investigated both numerically and experimentally. In a 
numerical study, the feasibility of the early detection of 
malignant melanoma by the accurate temperature probe was 
firstly conducted using a 2D axisymmetric model with a 
variety of Clark level of malignant melanoma and healthy 
skin. Figure 3 shows the relationship between the apparent 
thermal conductivity and the volume of malignant melanoma. 
The calculation results showed that there was a positive 
correlation between the volume of melanoma and the 
apparent thermal conductivity, indicating that the accurate 
temperature probe enables to detect the difference of apparent 
thermal conductivity between the healthy skin and lesion 
even if the early stage. An animal experiment was performed 
to investigate the difference between the healthy skin and lesion. Consequently, it showed the obvious difference between them, but 
the inverse trend to a numerical calculation was obtained because of the fibrolast in a tumor. The results showed the feasibility to 
early diagnose the malignant melanoma from the measurement of apparent thermal conductivity by the accurate temperature 
probe. 
 
Chapter 7:  General conclusion 
In chapter 7, the conclusions obtained from the each chapter which will contribute to clarification of the heat transfer in 
biological tissue were summarized. The obtained conclusions were as follows. 
1. Two practical methods for measuring thermophysical properties of biological tissues: the inverse method utilizing 
thermophysical handy tester and the accurate temperature probe utilizing a guard heater were developed and evaluated in 
this dissertation. 
2. The blood perfusion effect in human skin and the effect of initial temperature distribution in a body on the measuring 
results under the different conditions were clarified by the clinical experiments with actual human skin. 
3. The accurate temperature probe was applied to the medical diagnosis for the skin cancer at the early stage from the 
viewpoint of thermophysical properties. It shows a possibility to detect the difference between the malignant melanoma at 
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Fig. 3 Relationship between apparent thermal 
conductivity and volume of malignant melanoma. 
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